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Seismic, Magnetic, and Geotechnical Properties
of a Landslide and Clinker Deposits, Powder River

Basin, Wyoming and Montana

By Carter H. Miller 

ABSTRACT

Exploitation of vast coal and other resources in the Powder River Basin 
has caused recent, rapid increases in population and in commercial and 
residential development and has prompted land utilization studies. Two 
aspects of land utilization were studied for this report: (1) the seismic and 
geotechnical properties of a landslide and (2) the seismic, magnetic, and 
geotechnical properties of clinker deposits.

(1) The landslide seismic survey revealed two layers in the slide 
area. The upper (low-velocity) layer is a relatively weak mantle of colluviurn 
and unconsolidated and weathered bedrock that ranges in thickness from 3.0 to 
7.5 m and has an average seismic velocity of about 390 m/s. It overlies high- 
velocity, relatively strong sedimentary bedrock that has velocities greater 
than about 1330 m/s. The low-velocity layer is also present at the other 
eight seismic refraction sites in the basin; a similar layer has also been 
reported in the Soviet Union in a landslide area over similar bedrock.

The buried contact of the low- and high-velocity layers is relatively 
smooth and is nearly parallel with the restored topographic surface. There is 
no indication that any of the high-velocity layer (bedrock) has been displaced 
or removed.

The seismic data also show that the shear modulus of the low-velocity 
layer is only about one-tenth that of the high-velocity layer and the shear 
strength (at failure) is only about one-thirtieth. Much of the slide failure 
is clearly in the shear mode, and failure is, therefore, concluded to be 
confined to the low-velocity layer. The major immediate factor contributing 
to landslide failure is apparently the addition of moisture to the low- 
velocity layer.

The study implies that the low-velocity layer can be defined over some of 
the basin by seismic surveys and that they can.help predict or delineate 
potential slides. Preventative actions that could then be taken include 
avoidance, dewatering, prevention of saturation, buttressing the toe, and 
unloading the head. The low-velocity layer is usually less than about 5 m 
thick and may be excavated by dozing, whereas the bedrock must be blasted. 
Thus, it would seem economically feasible to underpin a structure to 
nonweathered bedrock or, perhaps, to remove the low-velocity layer prior to 
construction.

(2) Many coal beds in the Powder River Basin have burned along their 
outcrops, and the resulting intense heat has baked and fused the overlying 
clastic (sedimentary) rocks into clinkers. The clinkers are very magnetic and 
a buried edge of a single layer of burn can easily be located by magnetic 
prospecting methods. Location of the edge is very important in estimating 
unburned coal deposits, locating clinker quarries, and planning drilling of 
seismic reflection lines.



The clinkers are very porous and highly fractured, and seismic and 
geotechnical tests show that they have relatively low strength and 
competency. Many of the laboratory tests, however, are inherently biased 
because the clinkers are so highly fractured that only competent samples are 
selected. The laboratory tests, for example, show that clinkers must be 
loosened by heavy ripping tractors or blasting, whereas the field data and 
practical experience indicate that clinkers may be mined with light equipment.

Heavy structures such as coal silos and bridge abutments may have to be 
sited on clinkers. However, differential settlement may occur, with failure 
in the shear mode, because chimneys of relatively greater strength occur among 
the weaker clinkers. Preliminary data indicate that the chimneys may be 
located by magnetic or possibly seismic surveys. Special foundation- 
preparation techniques could be used or, perhaps, the chimneys could be 
avoided altogether at a construction site.
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INTRODUCTION

Exploitation of vast coal and other resources in the Powder River Basin, 
Wyoming and Montana (fig. 1), has caused rapid increase in population and in 
commercial and residential development in the basin since the mid-1970's. 
This rapid expansion is expected to continue, and the results of engineering 
geology studies by the U.S. Geological Survey will help ensure intelligent 
land utilization during this sudden expansion. This report concerns two 
aspects of land utilization: (1) the seismic and geotechnical properties of a 
landslide and (2) the seismic, magnetic, and geotechnical properties of a 
clinker deposit. The objectives of the study are to investigate the character 
and properties of the landslide and the clinker deposits so that other 
landslide hazards can be dealt with and other clinker deposits can be 
delineated and exploited by using the principles learned in this study.
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The studies were done in the central part of the basin, where the bedrock 
may be either soft, interbedded sandstone, shale, clay, and coal of the 
Tertiary Wasatch or Fort Union Formation or clinker deposits. The soft 
sedimentary rocks of the Wasatch and Fort Union Formation are called clastic 
rocks in this report, and the term "clinker deposits" is meant to include all 
baked and fused clastic rocks as well as any coke and ash residue from the 
burned coal (Bauer, 1972). Both the clastic rocks and clinkers may be 
overlain by alluvium or colluvium, or by residual or eolian deposits, but the 
clinkers may be included in clastic rocks.

Lands!iding is one of several geologic hazards to development in the 
Powder River Basin. These landslides presently cause damage mainly to 
highways and agricultural land, but future construction may be 
inadvertently or necessarily sited on a potential slide or in its path. The 
present report is a study of one such landslide, here called the Springer 
Ranch landslide (fig. 1), by seismic-refraction techniques that use both 
compressional waves and shear-waves.

There are striking and predictable similarities betwaen the seismic 
properties at the Springer Ranch landslide and those at other seismic- 
measurement sites over soft, clastic bedrock. These sites include several in 
the Powder River Basin and one in the Soviet Union, and they will be discussed 
later in this report. These similarities imply that seismic and engineering 
geologic surveys can be applied in the delineation of unstable slopes in the 
Powder River Basin. 0 If unstable slopes in the basin can be delineated, then 
corrective actions such as avoidance, dewatering, buttressing the toes, 
unloading the head, or removal of the potential slide material can be taken.

Many coal beds in the Powder River Basin have burned along their 
outcrops, and the resulting intense heat has baked and fused the overlying 
clastic rocks into clinkers. The extent that the coal has burned into the 
subsurface is not necessarily apparent from the surface, but magnetic methods 
can delineate the edge of a single layer of buri-ed clinkers. Location of the 
edge is very important in estimating (nonburned) coal deposits, in locating 
clinker quarries, and in planning drilling or seismic reflection lines for 
projects, whose success may depend on the absence of clinkers. Much of the 
new construction in the basin may have to be sited near economic coal 
deposits, but not on them. Hence, clinker deposits may be the logical sites 
for some future construction, and knowledge of the extent of buried clinkers 
would, therefore, be necessary.

The clinkers are very porous and highly fractured, and their relatively 
low strength belies their erosion-resistant qualities. In much of the basin, 
however, the clinkers are the only hard material available for building 
highways and railroads and for use as lightweight aggregate.

Heavy structures such as coal silos and bridge abutments may have to be 
sited on clinkers. Differential settlement with failure in the shear mode may 
occur, however, because chimneys of relatively greater strength occur among 
the weaker clinkers. Special foundation-preparation techniques may have to be 
used or, perhaps, chimneys can be located by geophysical methods and avoided 
at the building sites.



Preliminary discussion of seismic properties 
of clastic and clinker rocks

Seismic techniques and the'ir results are the major part of both the 
landslide and clinker-deposit studies. Therefore, the subjects common to both 
places will be given a preparatory discussion here.

Seismic refraction lines were run at the Springer Ranch landslide, at the 
Gillette clinker-study site, and at seven additional sites shown in figure 1 
(R. A. Farrow, C. H. Miller, and A. L. Ramirez, written commun., April 
1977). All of these seismic lines were run over either clastic rocks or 
clinkers, and the resulting compressional- and shear-wave velocities are 
summarized in table 1. The compressional-wave data indicate that:

1. A low-velocity layer (Vpi) overlies a high-velocity 
layer (Vp£)- at all of the sites in the Powder 
River Basin. The velocities of the low-velocity 
layer are essentially the same for both clinkers 
and clastic rocks: they range from 350 to 470 m/s 
and average 390 m/s.

2. The high-velocity Vpo layer of clinkers is poorly 
developed, but where it is present its 
compressional-wave velocities are considerably 
less than those for clastic rocks. The 
velocities for this Vp2 layer in the clinkers 
range from 490 to 760 m/s and average. 630 m/s, 
while those for clastic rocks range from 710 to 
1950 m/s and average 1330 m/s.

Figures 2 and 3 show the compressional-wave velocity distribution of the 
low-velocity layer (VP^) and the underlying "layer" (Vp2) at core holes 
(R. A. Farrow, written commun., 1978) in Sheridan (S-2) and Buffalo (B-l), 
Wyoming (R. A. Farrow, written commun., 1976). Sonic logs were run in the 
core holes to within about 12 m of the ground surface by Birdwell, Inc., 
Tulsa, Okla., and seismic refraction lines were run at ground surface by the 
author and R. A. Farrow (U.S. Geological Survey).

Although the S-2 hole is cored into the Fort Union Formation and the B-l 
hole is in the Wasatch Formation, and the two holes are about 60 km apart, the 
compressional-wave velocities of both the low-velocity layer and the 
underlying high-velocity Vp2 "layer" are quite similar. The inhole velocities 
of both holes were all recorded from the Vo "layer," and the best least-square 
fit was obtained for both linear and logarithmic functions of depth for each 
hole. The best fit for the velocities of each hole is probably the 
logarithmic curve, but the velocity gradients of the linear fits are more 
easily compared: these are 3.7 m/s/m of depth in the S-2 hole and 3.4 m/s/m 
in the B-l hole.

The average seismic velocity for a 5-m-thick low-velocity layer at the 
S-2 hole is 349 m/s, while that for a 2.4-m thickness at the B-l hole is 
416 m/s. The Vp^-Vpo interface at either core hole'does not particularly 
correlate with trie alluvium-clastic rock interface. Both core holes are 
collared on flood plains, however, and each velocity interface is apparently
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at the surface of a well-developed ground-water table in unconsolidated 
alluvium. The least->squares inhole velocity is 1960 m/s at the top of the Vp2 
"layer" in the S-2 hole, compared to 1722 m/s at the same depth by the 
surface-refraction method. The least-squares velocity in the Vp2 "layer" for 
the B-l hole is 1686 m/s, compared to 1954 m/s by the surface refraction 
method.

There is an empirical relation between the compressional-wave velocity 
and the quality or relative strength of most rocks and soils; the higher the 
compressional-wave velocity of the rocks and soil, the higher is their 
relative strength (Darracott, 1976). Figure 4 compares the compressional-wave 
velocities of clastic rocks and clinkers from near-surface measurements in the 
Powder River Basin with compressional-wave velocities of other rocks. All of 
the clastic rocks of the low-velocity layer have compressional-wave velocities 
and velocity ranges considerably lower than those of the other nonweathered 
rocks and are, therefore, apparently of relatively low strength.

Economical dozing, ripping, and blasting capabilities (Caterpillar 
Tractor Co., 1972) of rocks are also related to seismic compressional-wave 
velocities in figure 4. The graph indicates that all of the clinkers as well 
as the clastic rocks of the low-velocity layer may be dozed. The clastic 
rocks of the high-velocity layer may be ripped with a heavy tractor, but not 
dozed, and blasting is unnecessary for shallow excavations in this layer.

Degree of saturation and amount and size of voids are important 
parameters that affect rock and soil quality and relative strength, but which 
may not necessarily be accurately indicated by compressional-wave velocity. 
Shear waves, hov/ever, cannot be transmitted by either air or water in voids, 
and shear-wave 'velocity is, therefore, an indicator of the presence of air or 
water.

Much of the slope failure at the Springer Ranch landslide was clearly in 
the shear mode, and any differential settlement of a heavy structure sited on 
clinker deposits is also expected to promote failure in the shear mode. Shear 
strength of rocks and soil at failure varies with shear-wave velocity and, 
hence, relative shear strengths at the landslide and clinker-deposit site can 
be derived from shear-wave velocity measurements. The velocities of table 1, 
therefore, indicate that the shear strength (at failure) of the V 2 ^ ayQr 
associated with clastic bedrock is much greater than that of either the V^ 
layer of clastic rocks or of any layer of clinkers and that the shear strength 
of any of the clinkers is greater than that of the Vi layer of clastic 
rocks. This concept is applied to the Springer Ranch landslide and the 
Gillette clinker deposits.

Figure 5 shows a semiquantitative relationship of rock and soil texture 
and lithology to Vp/Vs ratio and Vp magnitude for a given layer (Darracott, 
1976). The Vp velocities and Vp/Vs ratios for both layers of clinkers and 
clastic rocks (table 1) are plotted on figure 5. The plot indicates that the 
ratio is about 3.2 for the clastic rocks of the Vj layer in the Powder River 
Basin and 2.8 for the V 2 layer, while the ratio is 1.5 for the Vj layer and 
2.1 for the V 2 layer of the clinker deposits at the Gillette, Wyo., site. The 
plot (fig. 5) also shows that the V 2 layer for clastic rocks has higher 
relative strength than either the V2 layer for clinkers or Vj layers for 
clinkers and clastic rocks. Although the-compressional-wave velocities for

10



EXPLANATION

Vp, Compressional wave 
velocity in meters 
'per second (m/s), 
uppermost layer.

2 Compressional wave 
velocity in meters 
per second (m/s), 
underlying layer.

Vp

Vs Shear-wave velocity

(yclastic rocks 
X clinkers

 o
c
Q

CO
1 s-

OJ
o. 
tot-
GJ
a 1

OJ

c

*

ex

3000
2700
2400
2100 
1800 
1500

1200

900

.600

300

/ " V
. Unweathered \
/ \
' . *
/ bedrock \

I / \

1 A "^

: ; S2 \
/ Weathered bedrock,!
' compacted gravels \

1 X
i \/« VP2/ ^^ VDi 

*K~

i Sandy or gravelly fill

' dry

/ r

Wet clay 
jsually below

water table

i
1 ^

\OvPl \
\\ Loose clay \

\ usually above \

I water table \

, \   -, \ ,
0

.Vp/Vs-

Figure 5- A semiquantitative relationship of the texture 
and lithology of rocks and soils to Vp/Vs ratio and 
Vp magnitude (after Darracott, 1976).

11 '



the Vi layer of clastic rocks and clinkers are similar, the Vj layer for 
clastic rocks is wetter, more clayey, and finer grained than is the Vj layer 
for clinkers.

Calculator programs

Hewlett Packard 65 calculator 1 programs were written for much of the data 
reduction. These programs include: (1) depth and configuration of a buried 
refraction velocity layer, (2) elastic constants, and (3) stadia-alidade 
traverse reductions, all by Miller and Bullard, (1978a-, b, c).

LANDSLIDES 

General geology

Preliminary landslide investigations in the western Powder River Basin 
were made by Chleborad, Nichols, and Ebaugh (1976) and Ebaugh (1976, 1977) as 
part of continuing engineering geology studies. These investigations have 
included much of the northwestern part of the basin, but emphasis was placed 
on an area of 300 km 2 southeast, south, and west of the city of Sheridan, Wyo. 
(fig. 1), where extensive slope failures have occurred.

Bedrock in this area of greatest slope failure comprises shales, fine 
grained sandstones, and coals of the Fort Union Formation and overlying 
Wasatch Formation (Mapel, 1959). Both of these Tertiary formations dip 
slightly to the east away from the Bighorn Mountains and toward the axis of 
the Powder River Basin (fig. 1). Ground-water resources have been reported by 
Lowry and Cummings (1966).

A mantle of unconsolidated or weathered bedrock, clay, silt, sand, 
gravel, boulders, and soil covers much of the bedrock in the study area. 
Terrace and pediment deposits of the area are as much as 14 m thick, and 
flood-plain deposits are as much as 30 m thick, but the thickness of colluvium 
seldom exceeds 3 m on the slopes (Mapel, 1959). Weak, weathered bedrock, 
however, locally underlies the colluvium.

Slopes that are cut in nonweathered bedrock for highways and coal strip 
mines in the basin do not readily fail. The strip-mine walls are nearly 
vertical and as much as 30 m high, but they rarely fail within a few months' 
time, and their lifespan may be years. Most highway cuts are of low angle 
slope, and the lifetime of these bedrock cuts may be decades of time. Slope 
failures, except for large slides that were promoted by highway construction 
and by streams that undercut the toes of potentially unstable slopes, seem to 
be confined to the mantle of alluvium, colluvium, and unconsolidated or 
weathered bedrock. Nonweathered bedrock apparently is not included in the 
relatively small landslides.

of a brand name in this report is for descriptive purposes 
only and does not constitute endorsement by the U.S. Geological Survey.
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In. a detailed study of the factors that promote landsliding in the Big 
Horn quadrangle, which includes the Springer Ranch landslide, Ebaugh (1977) 
found that most slides occur on slopes facing in the direction of bedrock 
dip. He concluded that, on these slopes, artesian pore-water pressures can 
develop where clayey colluviurn seals an outcropping bedrock aquifer. Through 
the principle of effective stress, these high pore pressures act to reduce 
effective normal stresses and thus the material's shear strength. Ebaugh 
believes that failures tend to occur at the base of the colluvial layer.

Springer Ranch landslide

The Springer Ranch landslide is about 14 km south-southeast of Sheridan, 
Wyo. (fig. 1). It was selected for special study as representative of other 
slides in the area because of its geometry, slope, and orientation. The 
author did detailed seismic-refraction and elastic moduli investigations (C. 
H. Miller, A. L. Ramirez, and T. F. Bullard, oral commun., 1978), in 
conjunction with other members of the U.S. Geological Survey, who drilled the 
slide and installed piezometers and inclinometers in the drill holes. The 
drill holes were geologically logged, and static water levels and some 
physical properties of the mantle and underlying bedrock were measured.

Figure 6 shows the topography and geologic structure of the Springer 
Ranch landslide. The slide is on a northeast-facing slope. The limits of the 
slide are defined by either fresh fractures or by sudden changes in slope, 
where healed fractures are evident. It is about 75 m long by 75 m wide, and 
has moved down a gradient of about 5:1 (11°). Bedrock dip in this area is 
about 1° NE.

Tensional and shear failure, with resulting slumps and open fractures, 
occurs at the head of the slide. The conspicuous main scarp at the head of 
the slide has at least 3 or 4 m of horizontal displacement and 0.6 m of 
vertical displacement. Many small scarps are evident uphill from the main 
scarp.

Shear failure, with accompanying earthflow, is apparent in the toe of the 
slide. Net movement to the northeast was accompanied by an "overthrust" bulge 
and apparent relocation of the course of a small intermittent stream. The 
horizontal distance that the bulge has "overthrust" onto the old land surface 
is unknown.

Five holes (fig. 6) were drilled and studied in the slide area. 
Lithologies included clay, shale, and fine-grained, unconsolidated sandstone 
(Ebaugh, 1977). Both fresh unweathered bedrock and the overlying weathered 
zone were defined on the basis of the state of relative oxidation: dark-gray 
to blue-gray fresh bedrock was considered to be in the reduced state; the 
oxidized weathered zone above was brown, orange, and yellow, in varying 
proportions, and the contact between the weathered zone and the fresh 
unweathered bedrock is gradational. Drill hole CHP penetrated bedrock at 
10.7 m, but bedrock was not found in the other four holes, whose depths ranged 
from 5.9 to 7.3 m.

Ground-water levels were also measured in three of the five holes. These 
levels were probably influenced by drilling fluids, and the true ground-water 
levels probably fluctuate seasonally.

13
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Seismic investigations in the field surveys

Seismic investigations of the Springer Ranch landslide were of two 
types: a refraction (compressional-wave) survey to determine the thickness 
and configuration of the slide, and a shear-wave survey to determine the shear 
modulus and approximate shear strength of both the landslide and the 
underlying material that had not failed.

Thirteen seismic-refraction lines (fig. 6) were run, and one shear-wave 
line reoccupied the position of refraction line 2. The seismic lines were 
oriented mainly either parallel or perpendicular to the hillside, and lines 
were extended to the perimeter of the landslide. Line 1 was located 
completely off the landslide to provide seismic data that could be compared 
with data from lines on the slide.

Twelve seismometers were emplaced along each line at 4.2-m intervals for 
both the refraction and shear-wave surveys. Each line was 50.3 m long, and 
where the lines were end to end they were overlapped 8.4 m to provide 
continuous information at depth. The shotpoints for the refraction lines were 
directly under the end seismometers and were in shotholes that were about 
0.6 m deep. Charges in the shotholes were equivalent to about 150 g of 
60 percent dynamite, and were detonated with electric caps. The energy source 
for the shear-wave line was also at the end seismometers of line 2. This 
source was a wooden plank weighted down and oriented perpendicular to the 
seismic line. Horizontally oriented geophones were planted for the shear-wave 
surveys, and the ends of the plank were struck with a sledge hammer. The 
directions of the blows were alternated for each seismogram, so that reversed 
particle motion could be observed on the seismogram.

Low-velocity layer

Figure lh_ shows the time-distance curves for seismic lines 1 and 2. The 
methods of measurement along each line are the same, but line 1 is off the 
slide, whereas line 2 is on it.

Two velocity layers (table 1) are clearly defined by the time-distance 
curves of both lines 1 and 2: an upper low-velocity layer and an underlying 
high-velocity layer. These two velocity layers are also defined by all the 
other seismic lines on the landslide. In addition, the other seismic lines 
that have been run in the northern part of the Powder River Basin and away 
from the Springer Ranch landslide (table 1) also define two velocity layers. 
The average velocity of the low-velocity layer along line 1, off the slide, is 
380 m/s, while the average velocity of the 12 lines on the slide is 407 m/s. 
The average velocity of the seismic lines in other parts of the basin is 
390 m/s. I conclude, therefore, that (1) there is no appreciable velocity 
contrast within the low-velocity layer between the Springer Ranch landslide 
and adjacent undisturbed ground, (2) the low-velocity layer includes the 
landslide at the Springer Ranch, but then buried main surfaces of rupture of 
the slide will not all necessarily coincide with the lower boundary of the 
low-velocity layer, and (3) the low-velocity layer extends into at least part 
of the Powder River Basin.

A landslide near the town of Sochi, on the Black Sea coast of the 
Caucasus Mountains, was studied by Bogoslovsky and Ogilvy (1977), who
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described it as "composed of loamy rocks underlain by a weathered crust of 
argillites." The loam and weathered argillite is underlain by fractured but 
nonweathered argil!ite. "Seismic measurements identified a single boundary 
that divides the landslide slope into two distinct masses of rock. The upper 
one (with V = 340-360 m/s) comprises the landslide body and the slip zones and 
the lower one (with V = 1360-1400 m/s) corresponds to the upper surface of the 
argil!ites."

These velocities of the Sochi landslide are compared with those measured 
in the Powder River Basin and the Springer Ranch landslide in table 1. 
Although the studies were done independently the velocity measurements are 
very similar, v/hich suggests that some seismic surveys over clastic rocks with 
Vj and \/2 layers may be comparable.

Thickness and configuration of the 
low-velocity layer

Thickness and configuration of the low-velocity layer at the Springer 
Ranch landslide were interpreted from the seismic-refraction data by the 
method of differences (Laby, 193!, p. 637-671, modified by J. C. Hollister, 
Colo. School of Mines, unpub. data, 1957; Redpath, 1973). The advantage of 
this method is that it accounts for variations in thickness of the low- 
velocity layer. The variations may be due to changes in the surface 
topography, in the topography of the buried contact between the low-velocity 
and high-velocity layers, or in both. The results of the interpretation of 
thickness and configuration of the low-velocity layer at the slide are 
summarized by the isopach map and by cross sections _A-A_' of figures 4 and 5 
and _B-B_' of figure 7C_.

Although the seismic lines were run over undulating topography, the 
contact between velocity layers does not undulate, and it is nearly parallel 
with the restored topographic surface. The thickness of the low-velocity 
layer is about 3.0 m at the head of the slide, but it is more than 7.5 m at 
the toe bulge, which supports the observation that the toe of the slide is 
overthrust on a relatively undisturbed, low-velocity layer. The thickness of 
the undisturbed low-velocity layer away from the slide ranges from about 4.5 
to 6.0 m.

Correlation of the low-velocity layer 
with weathering and ground water

Although the velocity curves (fig. 7AJ clearly show two velocities whose 
layers contact at the depth shown by the isopach map (fig. 7_B_), the refraction 
path is through subweathered bedrock and above unweathered bedrock. The 
unweathered bedrock, however, is defined by visual inspection of cores from 
only one drill hole, CHP. The seismic waves, nevertheless, travel through the 
subweathered zone about four times faster than through the low-velocity 
layer. The velocity of propagation of compressional waves depends upon the 
elastic moduli of the media, and the high-velocity layer is proportionately 
stronger than the low-velocity layer. Relatively strong bedrock, therefore, 
is here defined by the high-velocity layer, and the relatively weak mantle 
that overlies it is defined by the low-velocity layer. The mantle includes 
colluvium and unconsolidated and weathered bedrock, and the high-velocity 
layer apparently includes subweathered as well as weathered bedrock.
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Figure 6 shows that three of the five drill holes penetrated static 
ground-water level. The levels, however, are dependent on depth of casing, 
presence of drilling fluid, and time of measurement. Thus, these data are 
regarded as preliminary and must be used discreetly. There is no correlation 
between the thickness of the low-velocity zone and these preliminary static 
water levels. Density-moisture laboratory data from the five drill holes, 
moreover, show that the degree of saturation in the low-velocity layer ranges 
from very moist to almost completely saturated. Bogoslovsky and Ogilvy (1977) 
noted that compressional waves may refract along a ground-water surface, but 
also noted there is no distinct ground-water table where a landslide body 
contains clay.

In an idealized, shale-free, poorly consolidated sandstone that is 
saturated and under heavy static load, the velocity of compressional waves is 
averaged through sand grains and pore water (Wyllie, 1963, p. 130). The 
seismic velocity of water is about 1525 m/s, while that of silica grains is 
about 5000 m/s. This relationship does not hold, however, in fine-grained to 
clay-sized near-surface sediments, and the propagation velocity of 
compressional waves in these media can be much less than that in either the 
water or the grains (Bailey and Van Alstine, 1973). For example, a seismic 
line was run several kilometers away from the Springer Ranch landslide through 
a slough where ground water was within 0.5 m of the ground surface. The 
velocity of the 100-percent saturated layer, however, was only about half that 
of water. Evidently, the interstices of very fine-grained rocks that are not 
heavily loaded are ineffectively connected, so that neither fluid-borne nor 
grain-borne compressional waves are transmitted efficiently.

In an idealized, unconsolidated quartz sand (shale-free) that is not 
under heavy load, the compressional-wave velocity will greatly increase when 
water is added to full saturation, whereas the shear-wave velocity will 
decrease slightly (Gardner and Harris, 1968). I thus expect the ratio of 
compressional-wave velocity to shear-wave velocity in the unconsolidated 
material of the low-velocity layer to increase as water is added, even though 
the compressional-wave velocity may still be less than that of water.

Shear waves, shear strength, and elastic moduli

The slope at the Springer Ranch landslide has clearly failed in the shear 
mode to a great extent, and consequently, the slope failure depends on the 
shearing properties of the slope. A shear-wave line was, therefore, run along 
line 1 (fig. 5) to help define these shearing properties of both the low- and 
high-velocity layers.

Shearing strength is defined by the Coulomb equation (Terzaghi and Peck, 
1967, p. 103) as shear strength at failure, Tf, by Tf = c + atan<j), where c is 
cohesion, a is normal stress on the shear plane, and <J>is internal angle of 
friction. Cohesion is commonly equated to unconfined compressive strength, qu 
at failure in engineering as

cu = 1 qu tan (45 -|) ;
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but for small structures on cohesive soiVs that are not drained when 
tested, 0 = 0 and

regardless of the normal stress of overburden. Shear strength obtained by 
equation 1 is maximum for any test, because <£ is essentially always greater 
than zero for a cohesive soil. Imai and Yoshimura (1975) have related shear- 
wave velocity, Vs, for soils and relatively "soft" rocks to qu by:

Vs = 147.6 qu 0 - 417 . (2) 

Substituting equation 1 into equation 2,

Vs * 147.6(2Tf )°- 417 . (3)

Equation 3 is graphed in figure 8, and the shear-wave velocities of both 
the low- and high- velocity layers are compared as a function of approximate 
shear strength. The shear strength at failure for the low-velocity layer is 
about 0.35 kg/cm 3 , while that for the high-velocity layer is about 
10.7 kg/cm 3 . Hence the shear strength of the low-velocity layer is about one- 
thirtieth that of the high-velocity layer at the landslide.

The elastic moduli and Poisson's ratio (Leet, 1950, p. 38-40; 1960, 
p. 70-72) are also parameters of relative rock strength, and they were 
computed from the shear- and compressional-wave velocities and from bulk 
densities measured on core. The results are summarized in figure 8. These 
data show that the shear moduli and the other elastic moduli of the low- 
velocity layer are about one-tenth those of the high- velocity layer.

Because the low-velocity layer is noticeably weaker than the high- 
velocity layer, and because the interface between the two layers does not show 
any evidence of having been disturbed, failure within the slope materials is 
very likely confined to the low-velocity layer. The number and position of 
main shear planes in the landslide are unknown, but in figure 7 the main 
slippage surface is assumed to be near the contact between the low- and high- 
velocity layers. Recent inclinometer data from the slide (A. F. Chleborad, 
unpub. data, 1978) indicate movement just below the colluvial(?) layer in 
weathered(?) bedrock.

Landsl ide model

These seismic investigations imply a shallow-slab landslide in weak earth 
materials, overlying shaly bedrock, with its toe at a break in the hillside 
slope, similar to the model described by Krynine and Judd (1957, p. 642- 
654). Their model has a relatively pervious weathered zone developed over 
impervious bedrock. If the toe of the potential slide is near a decrease in 
gradient of the hillside below the toe, then any water introduced into the 
relatively pervious layer has difficulty discharging at the break in slope, 
where the gradient decreases. The ground water may or may not be visible at 
the surface, but in either case a hazardous condition is produced.

Cross section j^-B/ of figure 7 shows that the toe of the Springer Ranch
landslide is at a break in slope. The immediate cause of failure is unknown,
but A. F. Chleborad and W. F. Ebaugh (oral commun., 1977) believe that
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moisture contributed to the weathered layer is the major factor. The moisture 
may come from an artesian system beneath the. weathered layer, from 
precipitation on the surface of the layer, or from both. The moisture 
apparently promoted failure in two ways: (1) it increased pore pressure and 
lowered the shear strength of the already incompetent low-velocity layer, and 
(2) it added weight to the low-velocity layer.

Banks of snow have been observed lying on the slope of the Springer 
landslide. These banks are thickest during spring, and rainfall is greatest 
during May and June. However, no gullies have been cut through the grass by 
runoff in the vicinity of the slide, and therefore, much of the meltwater and 
rain apparently infiltrates rather than running off. Whether or not the 
hillside becomes saturated, the infiltrating water would greatly increase the 
weight of the mantle and reduce shear strength, and both changes would promote 
failure. If the hillside is saturated, though, then pore pressure would be 
established, and shear strength would decrease further; the pore pressure and 
seepage forces would be greatest near the toe, where support is effectively 
decreased, and failure would be promoted.

Summary and conclusions

Landsliding is a geologic hazard to the rapid industrial, commercial, and 
residential development that is expected in the Powder River Basin. The first 
section of this report has presented the results of seismic-refraction and 
shear-wave surveys which are part of a detailed study of the Springer Ranch 
landslide south-southeast of Sheridan, Wyo. This landslide may be 
sufficiently representative of other landslides in the area that the 
principles learned from it can be applied to the others.

The surveys determined that a low-velocity layer overlies a high-velocity 
layer, both on the slide and nearby. The seismic velocities of these layers 
are very similar to those of other clastic rocks in other parts of the basin 
as well as in the Soviet Union. The low-velocity layer averages 400 m/s at 
the slide while the high velocity layer averages 1470 m/s. The low-velocity 
layer defines a relatively weak mantle of colluviurn and unconsolidated or 
weathered bedrock, and the high-velocity layer defines relatively strong, 
subweathered to nonweathered bedrock. The thickness and configuration of the 
low-velocity layer were determined using the method of differences, which 
accounts for variations in thickness of the low-velocity layer. The 
variations may be due to a change in the surface topography, the topography of 
the buried contact between the low-velocity and high-velocity layers, or 
both. The interpreted buried contact is nearly parallel with the restored 
topographic surface.

The following observations indicate slope failure at the Springer Ranch 
landslide is confined to the low-velocity layer:

1. The buried contact of the low- and high-velocity 
layers is relatively smooth and is nearly 
parallel with the restored topographic surface. 
There is no indication that any of the high- 
velocity layer (bedrock) has been displaced or 
removed. Regional dip of the bedrock is but a 
few degrees which probably eliminates the 
possibility of most bedding plane slip surfaces.
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2. Shear strength and elastic moduli are^ both
parameters of rock strength. The ratio of the 
shear strength of the low-velocity layer to the 
high-velocity layer is approximately 1:30, while 
the ratio for the elastic moduli is 1:10.

The number and position of main shear planes in the landslide are 
unknown, but the main slippage surface is assumed to be near the contact 
between the low- and high-velocity layers.

The major immediate cause of landslide failure is probably the addition 
of moisture to the low-velocity layer. The moisture apparently promotes 
failure by increasing pore pressure, lowering shear strength, and adding 
weight to at least part of the incompetent low-velocity layer.

The predictable similarities of seismic properties between the slide and 
other parts of the Powder River Basin imply that seismic and engineering 
geology can be used to help predict or delineate landslides in the basin. 
Corrective action would be directed at the low-velocity zone and would include 
avoidance, dewatering, prevention of saturation, buttressing the toe, and 
unloading the head. The present seismic surveys show that the low-velocity 
layer on hillsides and over clastic rocks, where it was measured, is less than 
5 m thick and may be excavated by dozing, whereas the bedrock must be 
blasted. This implies that underpinning a structure to nonweathered bedrock 
or, perhaps, removal of the low-velocity layer prior to construction would be 
feasible.

CLINKER DEPOSITS 

Geology

Clinkers have been studied in many parts of the world, and they are known 
by a wide variety of names: scoria, baked shale, slag, natural slag, and 
porcellanite. Clinker deposits, as defined in this report, include all these 
baked and fused rocks as well as any coke and ash residue from the burned 
coal. The first descriptions of "burnt earth" in the Missouri River Basin 
were in the records of the 1804 expedition of Lewis and Clark (Hayden, 1873).

Mode of ignition

The main mode of ignition of coal beds is thought to be spontaneous 
combustion. Rogers (1917) witnessed burning at six localities, and all of the 
burns apparently started spontaneously in relatively "fresh" outcrops along 
small, rapidly cutting streams. Combustion starts at a free surface, more 
commonly in a thick bed rather than in a thin one. Rogers related, however, 
accounts of ignition by prairie fires and one account of ignition by man's 
campfires. He also generally recognized that coals with a moderate to high 
proportion of volatiles are subject to spontaneous combustion. Finely divided 
coal is more susceptible to spontaneous ignition than are larger pieces, and 
small 'increments of heat are important in the-process.

Formation of clinkers

Clinkers in the Powder River Basin are formed from claystones, mudstones, 
siltstones, shales, and generally fine-grained sandstones of the Fort Union
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Formation and overlying Wasatch Formation, which are Tertiary in age. Rocks 
that are superjacent.to burned coal beds show variable appearances and 
properties that are related to original rock type and degree of alteration. 
The degree of baking of the rocks decreases with distance from the burned coal 
bed and, in places, clinker deposits can be traced laterally or upward from 
highly fused material, to virtually unaltered lignite deposits. Baking and 
fusing, however, is not seen in the rocks that underlie the burning coal.

Fusing occurs either within a few feet above the burning coal or along 
fracture-vents that conduct hot gases from the coal to the ground surface. 
The resulting clinkers are very porous, brittle, and highly fractured. Fine 
grained rocks are apparently altered more easily than coarse grained ones. 
Rogers (1917) suggests that rocks may be fused as much as 23 m above the 
burning coal. Upon cooling, the fused rocks around the fracture vents form 
erosion-resistant chimney-like masses. The chimneys are darker colored and 
harder than the surrounding clinkers, and the radius -of. chimneys at one 
excavated site ranged from about 6 to 25 m (R.'G. Warburton, Wyoming State 
Highway Department, written commun., 1976). Clinkers form in the clastic 
rocks overlying coal beds that have burned. Burning occurs most commonly at 
outcrops and apparently also under relatively shallov/ overburden in the Powder 
River Basin. Extensive coal-exploration drilling done throughout the basin by 
the Montana Bureau of Mines and Geology, in cooperation with the U.S. 
Geological Survey, did not penetrate clinkers below a depth of about 30 m 
(Eldon Woods, oral commun., 1975). Mapel (1959) reports clinkers that are 
more than 45 m thick east of Buffalo, Wyo. However, C. T. Reid (oral commun.,. 
1976), a driller from Sheridan, Wyo., says that his drill penetrated more than 
90 m of clinkers while drilling about 32 km east of Sheridan. Where cover 
over the coal is more than about 8 m thick in the Pov/der River Basin, the 
burning apparently does not extend more than 60-90 m into the hillside, unless 
fracture vents form and oxygen is conducted to the fire. Where the cover is 
less than about 6 m thick or where coal is exposed around buttes or long 
spurs, the burning can apparently extend much further into the hillside.

Numerous shallow depressions with interior drainage are characteristics 
of clinker-covered erosion-resistant topographic surfaces. The depressions 
evidently formed when clinkers slumped into the voids left by the burning coal 
beds. Lake De Smet, which lies between Sheridan and Buffalo, Wyo., and is 
more than 5 km long, apparently occupies a depression of this type (Mapel, 
1959).

Geotechnical properties

Both exploration and materials testing of clinkers have been done by the 
Wyoming State Highway Department in the Powder River Basin, according to Jack 
Hale (written commun., August 16, 1971), E. J. Bauer (written commun., March 
23, 1975), and R. G. Warburton (written commun., 1976).

Exploration trenches and holes were excavated by the Department in some 
clinker deposits with equipment as light as backhoes and augers. Sandstones 
were mostly altered only to the extent of color change, whereas the clays were 
more vesicular and glassy, fractured, and darker colored. The relatively 
harder and stronger clinkers were of the shale type, particularly in the 
fused-chimney areas. Delineation of the chimneys by trenching, however, was 
very difficult because of differential alteration and collapse during
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formation of the clinkers. Warburton concluded that each potential quarrying 
site for clinkers must be evaluated thoroughly*and independently.

The material properties of- the clinkers also varied widely because of 
differential alteration, and the specific gravities, therefore, ranged from 
1.85 to 2.25. When samples were compacted in accordance with AASHTO (American 
Association of State Highway Officials) T-99 they had maximum dry bulk 
densities of 1.44-1.60 g/cm 3 and optimum moisture content ranging from 15 to 
25 percent. When the samples were tested according to AASHTO T-180, the 
maxmum dry bulk densities of 1.60-1.76 g/cm 3 and optimum-moisture range was 
10-20 percent.

The Wyoming State Highway Department considers clinkers to be a very good 
highway subgrade material if quality control is exercised. They have 
successfully used crushed clinkers as a cement-treated base in combination 
with a sand filler and in seal coating of highways. They feel that 
selectively graded clinkers could be used as a coarse aggregate in concrete 
pavement provided it was not used as a wearing surface.

Some geotechnical and geophysical tests were also run on clinkers by 
R. A. Farrow and A. L. Ramirez of the U.S. Geological Survey. The tested 
properties include hardness, drillability, density, color, and magnetic and 
seismic properties. These tests were first run at the site east of Gillette, 
Wyo. (fig. 1), shown by figure 9, and were later repeated on laboratory 
samples from that site.

Temperature-dependent properties

Most of the tested properties of clinkers are dependent on the 
temperature during baking and fusing. Figure 10 shows (A) the concept some 
temperature-dependant properties observed in the field and laboratory and (B) 
the glass or crystal phase and color of heated shale and alluvial clay (Insley 
and Frechette, 1955, p. 229-235, after G. R. Shelton). The figures show that 
as the temperature of "gray," relatively reduced, clastic rocks increases, the 
rocks are first baked and then fused, and the rock colors correspondingly 
grade from light to dark. Most of the welding or fusing is done near 
chimneys, where the heat is intense. Similarly, the dark-colored rocks with 
high magnetism tend to be near these vents, which are also reducing 
environments. There is a dramatic increase of fracture intensity, porosity 
(including vesicularity), and magnetic intensity with increase of temperature 
accompanied by a rapid decrease in bulk density and seismic velocity. Welding 
occurs at the higher temperatures.

Density, porosity, and fracture intensity

Densities and porosities were measured in a U.S. Geological Survey 
laboratory on samples of clinkers from the site east of Gillette, Wyo. The 
dry bulk densities ranged from 1.56 to 1.87 g/cm 3 and averaged 1.68 g/cm 3 . 
Porosities ranged from 31 to 39 percent and averaged 36 percent. Average bulk 
density of nonaltered clastic rocks is about 2.25 g/cm 3 , and their porosities 
are about 15-25 percent. The total porosities of rocks measured in place, 
however, is considerably greater than those measured on samples in the 
laboratory, because the in situ clinkers display much more fracture porosity 
than the laboratory samples. The total porosity, of most in situ clinker
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Figure 10- Some properties of clinkers as a -function of temperature.
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deposits is estimated to be on the order of 50 percent, which is about one- 
fourth to two-thirds more than that of the laboratory-measured samples.

Clinker samples are quarried only with great difficulty because of their 
highly fractured nature. An intact sample is, therefore, not representative 
of an outcrop, and laboratory samples are inherently biased toward the 
relatively stronger clinkers.

Hardness

Hardness, as used here, implies resistance to deformation. Schmidt 
rebound hardness (Deere and Miller, 1966) was one kind of field test run on in 
situ clinkers. This test provides a Schmidt hardness number that is commonly 
compared to uniaxial compressive strength. These tests were run on fresh 
clinker surfaces in the outcrop along line_A-A' of figure 9. The clinkers, 
however, were almost completely nonresponsive to the Schmidt hammer tests, and 
the data were not definitive. Because the clinkers are so highly fractured, 
it was impractical to core a clinker sample for uniaxial testing.

Drill ability

Clinkers were tested for drill ability by a test originally developed by 
Protodyakonov (1963) and modified by Tandanand and Linger (1975). This 
laboratory test is related to percussion drilling in particular, and the 
drill ability is a function of hardness and wearability as well as other 
parameters.

The drill ability test (fig. 11) generates CRS (Coefficient of Rock 
Strength) numbers, which are proportional to the minimum number of blows 
needed to at least partly crush a sample, divided by the maximum volume of 
minus 0.5-mm material produced by the blows. Of course, -the test requires 
certain normalizing conditions.

The average CRS number from 12 drill ability tests on clinkers is compared 
in figure 11 with CRS numbers of other rock types. The CRS number of the 
clinkers is the lowest shown. Even so, the CRS number of the clinkers seems 
high considering that the other types of rocks are relatively competent.

Clinkers are usually rotary drilled, and the drililng is very 
difficult. The main problems are loss of circulation and caving above the 
drill bit.

Geophysical properties, clinker study site 
Gillette, Wyoming

Magnetic properties

When gray clastic rocks are heated, they tend to turn some shade of red 
or dark brown and become more magnetic. According to D. E. Watson (unpub. 
data,-1976) the reddish color can be mostly attributed to iron-oxide 
silicates, but the minerals that mainly contribute to the thermal-remanent 
magnetism are generally found to be ilmenohematites.and titano-magnetites. 
The magnetic domains of these minerals are originally in a relatively random 
orientation, but heating reorients the domains so that they are parallel with
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the Earth's field at the time of the heating; thus, the net magnetization is 
greatly enhanced. The temperature does not have to exceed the Curie point, 
however, for the rocks to be remagnetized. Partial reheating is sufficient to 
realine many of the magnetic grains. Near the chimneys, however, the rocks 
tend to be much more magnetic. This is due to exposure to extremely high 
.temperatures, which are frequently above the Curie temperatures of most 
minerals, and to the presence of slightly reducing gases, which keep the 
minerals from oxidizing to the more weakly magnetic hematite, for instance.

Comparison of the distribution of magnetization of various rock types is 
shown in figure 12. The net magnetization of a clastic rock is dramatically 
increased by several orders of magnitude when the rock is baked, and the 
strength of magnetization appears to relate to the degree of baking and 
fusing. The resulting clinkers are among the most magnetic rocks found in 
nature. This great magnetization is the basis of the present investigations 
of the lateral extent of buried clinker deposits.

Magnetic survey. Magnetic surveys were run with a portable proton 
magnetometer at the Gillette, Wyo., clinker study site (fig. 9) along lines 
A-A', in conjunction with seismic and geotechnical surveys, and along line B_- 
B 1 . Readings were taken at about 3-m intervals with the sensor at a constant 
"freight of about 2.1 m above the ground. Individual readings of total magnetic 
intensity were read to an accuracy of about 1 gamma (1 nanotesla). The 
readings were reduced to a base value of 58,595.0 gammas, which is 
representative of the Earth's total intensity magnetic field near Gillette, 
Wyo. Base readings were repeated within 15 minutes of the initial reading at 
an accuracy of 4 gammas, and this base drift was linearly distributed over 
the station readings.

The magnetic survey run along lineJ3-B_' (fig. 13) defines the extent of 
the clinkers, which crop out east of the streambed. Only small amounts of 
clinkers can be seen in the colluvium derived from clastic rocks along the 
west bank. Although traces of coal cannot be seen in the colluvium along the 
west bank, coal cuttings are visible at the collar of a drill hole about 80 m 
west of the stream. A magnetic anomaly of more than 700 gammas is shown over 
the clinker outcrop. The anomaly begins at about 45 m west of the stream and 
achieves greatest magnitude over the crown of the outcrop of clinkers. The 
midpoint of the anomaly is nearly over the streambed. Secondary, higher- 
frequency inflections are on the flank of the main magnetic anomaly. These 
seem to be caused mostly by higher frequencies due to a steep gradient of 
magnetization.

If the midpoint along the flank of the major anomaly is chosen as the 
contact of clinkers and clastic rocks, it would be approximately at the 
streambed. Presumably, the burn began somewhere along the east side of the 
young, rapidly cutting stream, because the clinker deposit apparently ends 
near the streambed. The midpoint method for determining the edge of clinkers 
is apparently accurate to within about 2 m.

This method of exploration for a lateral.contact of clinkers with coal or 
clastic rocks was first .described by Hasbrouck and Hadsell (1976). They 
demonstrated the relative ease of location of buried clinkers if only one seam 
has burned and found that the method is useful for locating clinker quarries, 
water wells, and other construction sites and for planning seismic exploration
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surveys. Conversely ? the method is useful for determining coal reserves by 
delineating the edge of unburned coal deposits without extensive drilling.

Magnetic line^\-A_' (fig. 14) was run parallel to the clinker outcrop to 
determine the magnetic field of the exposed clinkers. The cross section along 
jA-A/ shows a general anomaly over the outcrop of about 800 gammas, and the 
magnetic profile indicates that the clinkers probably terminate near the north 
end of the line. Three or four localized high anomalies of as much as 
500 gammas are superimposed on the main anomaly. These localized anomalies 
probably are affected by subsurface features behind the outcrop and may be 
caused by highly magnetized chimneys. Only one chimney, about 10-15 ft wide, 
is exposed (at about 61 m, fig. 14), and there is a localized anomaly 
associated with it. D. E. Watson and M. L. Botsford (unpub. data, 1976) have 
run magnetic profiles near clinker quarries, and have also recorded these 
localized anomalies. They think that the anomalies are caused either by the 
fused rocks in chimneys or, perhaps, by random but large variations in 
magnetization.

Measurements of hand samples compared to the results of laboratory and 
field"~$urveys. Remanent magnetism was measured on hand samples with a 
portable magnetometer, using a field technique described by Briener (1973). 
These measurements are compared in figure 15 with remanent magnetism measured 
in the laboratory on two small cores and with the total magnetic field 
intensity along linejA-A/ (figs. 9, 14). Neither the hand nor core 
measurements compare well with the relative amplitude of the magnetic field 
survey over the outcrop. The laboratory measurements on the two cores, 
however, compare well with those on hand samples that were selected from the 
outcrop near the sites where the laboratory samples were selected. Six cores 
were submitted for laboratory analysis, but four of the samples fractured so 
badly during preparation that a suitable plug could not be drilled. I 
conclude that the field hand-sample technique is much faster and convenient, 
and perhaps as accurate as that of the laboratory core-measuring technique.

Seismic properties

Seismic surveys were run along lines _A-A/ (fig. 14) and J3-B_' (fig. 13) at 
the clinker site (fig. 9). The surveys along _A-A_' were apparently all on 
clinkers, while the survey along _B-B_' was mostly on clastic rocks for 
comparison to clinkers. The average velocity of the low-velocity layer of 
clinkers is 344 m/s, which is very similar to that of 372 m/s for the clastic 
rocks. The average velocity of the high-velocity layer of clinkers, however, 
apparently averages about 490 m/s, although that of clastic rocks is 712 m/s.

The high-velocity layer of clastic rocks along B-jV , however, is poorly 
developed, and its velocity is exceptionally low for clastic rocks. Perhaps 
the coal beneath _B_-B_' is weathered enough in the high-velocity zone to account 
for the anomalously low velocity.

The range of compressional-wave velocity compared to the economical 
excavation graph of figure 4 indicates that the clinkers in the low-velocity 
layer may be easily dozed, and that ripping and blasting are not necessary. 
Clinkers in the high-velocity layer may be marginally dozed and easily ripped, 
and blasting is not necessary. In practice, however, clinkers in the Powder 
River Basin are quarried with equipment lighter than a D-7 tractor, although 
sandstone overburden must sometimes be loosened by explosives. The fused
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chimney material is also economically dozed, but it is quarried and crushed 
with much more difficulty than the clinkers that are merely baked. The 
chimneys, however, are not visually apparent from the level ground surface, 
but the success of quarrying with light equipment or of siting heavy 
structures on clinkers may depend on the presence of chimneys (Farooqui and 
others, 1977).

A small chimney was observed at about 61.0 m along lineJ\-A/. This 
chimney is not discernible in the seismic data, but the diameter of the 
chimney is only 1-2 m. I speculate, however, that because chimneys in general 
are harder than the surrounding baked rocks, they have higher seismic 
velocities. If the diameter of a roughly circular chimney is a few meters or 
more, it may possibly be detected by seismic refraction methods as well as by 
magnetic methods.

Although the congressional-wave velocities of the low-velocity layers of 
both the clinkers and clastic rocks are similar, the shear-wave velocities in 
these same layers are different. The shear-wave velocities of the clinkers 
are higher than those of the low-velocity layer over clastic rocks (table 
1). Furthermore, there is no shear-wave velocity layering apparent in the 
clinkers. The velocities and texture of the clinkers are compared to those of 
the clastic rocks and overburden in figure 5, and the shear strengths (at 
failure) are compared in figure 8. Shear strength of the clinkers is greater 
than that of the low-velocity layer of clastic rocks but less than that of the 
high-velocity layer.

The shear-wave velocities of the clinkers indicate some reasons why they 
do not readily exhibit slope failure. The clinkers are coarsely textured and 
have a high angle of internal friction. They are, therefore, relatively well 
drained and have approximately five times the shear strength of the low- 
velocity layer of clastic rocks.

Most manmade structures experience some settlement. Differential 
settlement beneath a structure, however, produces failure in the shear mode, 
first in the earth and then in the structure. The low-velocity layer, which 
overlies clastic rocks in some towns in the basin, clearly supports heavy 
structures such as grain silos and bridge abutments, but these structures 
apparently settle evenly. Even though the clinkers have higher shear 
strengths than the low-velocity layer over clastic rocks, the clinkers include 
relatively strong chimneys that may cause differential settlement.

Laboratory measurements compared to field measurements. Seismic 
velocities of samples of clinkers along line A-A_' were also measured in the 
.laboratory. Compressional- and shear-wave veTocities were measured on nine 
samples, and their elastic moduli and Poisson ratio's are compared in figure 
16 with the equivalent field measurements. Shear-wave velocities were 
measured in the field only in the interval between 60 and 90 m along line A-A'-

Comparison of the laboratory-measured velocities of clinkers with those 
measured on clinkers in place shows the laboratory samples are much 
stronger. The reason for the disparity is that the high frequency of 
fracturing in clinkers in place is not indicated by the laboratory 
measurements. Intact samples are always chosen for these laboratory tests so
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Figure 16. --In situ (open) and laboratory (shaded) measurements of 
compressional- (Vp) and shear- (Vs) wave velocities, the dynamic- 
elastic moduli (E = Young's, G = shear, and B = bulk), and 
Poisson's ratio ( a ) run on clinkers along A-A 1 (figs. 9, 14) 
(Figure continues on next page).
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that they may be cored. Consequently, the laboratory-derived velocities are 
heavily biased toward relatively stronger clinkers.

The compressional-wave velocities of the laboratory rock samples 
(fig. 16) range from 1830 to 4310 m/s and average 2490 m/s, compared to 
420 m/s for in situ measurements a ratio of about 6:1. If the velocities of 
laboratory rock samples were entered in the method-of-excavation graph 
("fi9» 4), then excavation by blasting or marginal ripping with large tractors 
would be erroneously indicated.

Summary and conclusions

Many coal beds in the Powder River Basin have burned along their 
outcrops, and the resulting intense heat has baked and fused the overlying 
clastic rocks into clinkers. The extent that the coal has burned into the 
subsurface is not necessarily apparent from the surface, but magnetic methods 
can delineate the edge of a single layer of buried clinkers. Location of the 
edge is very important in estimating nonburned coal deposits, locating clinker 
quarries, and planning drilling or seismic reflection lines for projects whose 
success may depend on the absence of clinkers.

The clinkers are very porous and highly fractured, and their erosion- 
resistant qualities belie their relatively low strength. In much of the 
basin, however, the clinkers are the only hard material available for building 
highways and railroads and for use as lightweight aggregate, even though they 
are weak relative to most other building stone and aggregate. Compressional- 
wave velocities and observation of quarrying operations show the clinkers can 
easily be mined without heavy equipment. Drilling and blasting are not 
necessary, except to loosen some overlying clastic rocks. Compressional-wave 
velocities done in the laboratory, however, are inherently biased. Only 
intact samples can be selected for testing, and hence the laboratory 
erroneously indicates that the clinkers must be loosened either by blasting 
or, perhaps, by heavy ripping tractors.

The approximate shear strength of the clinkers is five times that of the 
low-velocity layer overlying clastic rocks but is only one-sixth that of the 
clastic rocks themselves. Landslides in the basin do not readily occur along 
slopes of clinkers. Some reasons for this relative slope stability include 
the coarse texture of the clinkers, which promotes relatively good drainage 
and permits a high angle of repose, and the greater shear strength of the 
clinkers, compared to that of the low-velocity layer associated with clastic 
rocks.

Heavy structures such as coal silos and bridge abutments may have to be 
sited on clinkers. Differential settlement with failure in the shear mode may 
occur, however, because chimneys of relatively greater strength occur within 
the clinkers. Special foundation-preparation techniques may, therefore, have 
to be used or, perhaps, chimneys in a single layer of clinkers can be located 
by geophysical methods and avoided at the construction site. Preliminary 
investigations indicate that the chimney rocks may be more magnetic, and they 
are known to be harder than the surrounding clinkers. Consequently, I think 
that chimneys may be located by measuring three-demensional magnetic fields 
and, perhaps, by closely spaced seismic refraction lines.
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Remanent magnetism measurements on hand samples in the field may be as 
accurate as those made in the laboratory. The measurements on hand samples 
are much faster and more efficient because the highly fractured clinkers are 
very difficult to prepare for the laboratory tests.

There is no apparent correlation between change in remanent magnetization 
along the outcrop and changes in total intensity of the Earth's field along 
the same outcrop.
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